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Abstract

Glacial relict plants are often endangered because extant populations can be small, geographically isolated and persist in
suboptimal environments, leading to increased clonality and reduced genetic diversity putting their survival at further risk.
This study examines how restriction to interglacial refugia has impacted the genetic diversity and structure of the threatened
Tasmanian palacoendemic, Pherosphaera hookeriana W. Archer bis. This species is a poorly dispersed, dioecious conifer
that, having once been a major component of Last Glacial vegetation, is now limited to 30 known populations. Genetic diver-
sity and structure were assessed using fifteen nuclear and nine chloroplast SSRs in 23 populations representing the species’
entire range. Changes in distribution and abundance from the Last Glacial to present were investigated by examining the
fossil record, approximate Bayesian computation (ABC) and species distribution modelling. Despite fossil and ABC based
evidence for a postglacial bottleneck, species-level genetic diversity (He=0.56 and Ne =2.86) exceeded that of some conifers
with far wider distributions. Significant genetic structure (Fst=0.127, Jost’s D =0.203) was present, with most populations
dominated by distinct nuclear SSR genetic clusters and having unique chloroplast haplotypes. Unexpectedly, clonality plays
only a small role in population level regeneration. Genetic diversity has likely been maintained due to dioecy, persistence in
multiple parts of its range and extant populations being directly descended from proximate glacial populations. Protecting
populations from the mounting threat of fire will remain crucial for the in situ conservation of P. hookeriana.

Keywords Chloroplast SSR haplotypes - Holocene warming - Interglacial refugia - Palacoendemic conifer - Simple
sequence repeats (SSRs) - Species distribution modelling

Introduction

Most of the Quaternary was far colder and drier than the
present with glacial conditions reaching a climax during the
Last Glacial Maximum (LGM; 26.5 to 19 kya; Clark et al.
2009). Severe environmental changes associated with the
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cases, limited capacity for sexual reproduction may result
in increased dependence on regeneration by clonal growth
(Migliore et al. 2013).

Studies of cold-adapted plants in interglacial refugia have
shown that genetic diversity of even highly outcrossing wind
pollinated plants can be impacted by small population sizes
and geographic isolation. For example, the glacial relict
conifers, Picea martinezii, P. chihuahuana, and Pinus tor-
reyana all harbour markedly low genetic diversity due to late
Quaternary genetic bottlenecks (Ledig et al. 2000; Jaramillo-
Correa et al. 2006; Whittall et al. 2010). In the latter two
species, remaining populations are effectively completely
genetically isolated.

The Tasmanian paleoendemic conifer Pherosphaera
hookeriana W. Archer bis (Podocarpaceae), is a classic
example of a once widespread cold-adapted species now
confined to interglacial refugia. During the Last Glacial, the
island of Tasmania was at least 4 °C (Fletcher and Thomas
2010) and plausibly 6—8 °C colder than present (Mackin-
tosh et al. 2006). While the drier eastern half of Tasmania
was mostly ‘glacial arid’, the wetter western half remained
densely vegetated with fossil evidence of an extensive
alpine shrubland dominated by P. hookeriana, Asteraceae,
Chenopodiaceae, and Poaceae occurring down to near sea
level and forest species persisting in scattered small refugia
(Macphail 1979; Colhoun 1985). At the onset of postglacial
warming 15-11 kya, this alpine shrubland declined abruptly
and was replaced by expanding rainforest and sclerophyll
species (Colhoun et al. 1991, 1999). The contraction of P.
hookeriana was part of a longer-term decline of the species
beginning in the Middle Pleistocene (460,000 years ago to

present) as is documented by the species declining pollen
abundance over the length of a sea core 220 km southeast
of Tasmania (De Deckker et al. 2019).

Today P. hookeriana is a minor element of the Tasmanian
vegetation confined to montane areas of central and southern
Tasmania (Fig. 1), where it occurs in montane conifer heath
communities (Jackson 1972) usually associated with the fire
protection afforded by water bodies or boggy areas (Minchin
1983). The species is listed as vulnerable to extinction under
Tasmanian Government legislation with only 30 confirmed
populations (defined as discrete patches of individuals at
least 1 km apart) and an estimated 20,000 individual plants
(Threatened Species Sect. 2016). Despite recent extensions
to the species’ known range (Rudman and Schahinger 2016),
it remains the rarest of the Tasmanian mesic conifers (see
Figure S1 in the Supporting Information (S1)).

While better understanding of the species’ distribution
has been vital for the conservation of P. hookeriana, crucial
gaps in knowledge of the species’ biology remain including:
(1) whether individual plants are actually genetically dis-
tinct given the rarity of observations of sexual reproduction
(Threatened Species Section, 2016); (2) whether the spe-
cies’ long term decline, compounded by a sudden contrac-
tion at the onset of Holocene warming, caused bottleneck-
ing, inbreeding and low genetic diversity; and (3) whether
P. hookeriana has maintained high genetic connectivity
between its interglacial refugia populations. Worth et al.
(2017) showed that two Tasmanian palaeoendemic conifers
that have ranges overlapping that of P. hookeriana, Athro-
taxis cupressoides and Diselma archeri, have low genetic
differentiation across their ranges, indicating efficient gene

Fig.1 Location of the 23
sampled populations of Phero-
sphaera hookeriana (coloured
circles). Population are coloured
according to their geographic
regions. Population numbers
and regions follow Table S1.
The known natural distribution
of the species is shown by small
white circles
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flow via wind disseminated pollen. However, it remains
uncertain whether the rarer and more fragmented P. hooke-
riana has similarly efficient gene flow. Indeed, despite their
wind pollination mechanism, some conifers with patchy dis-
tributions and evidence of past bottlenecking harbour signifi-
cant genetic structure over even relatively short geographic
distances (< 100 km) (Tsumura 2006; Worth et al. 2018).

In this study we use a multi-disciplinary approach to
address these questions. Firstly, we use range-wide sam-
pling and nuclear and chloroplast simple sequence repeat
(SSR) data sets to: 1) characterize contemporary levels of
genetic diversity and structure and 2) assess levels of clonal-
ity and inbreeding. Nuclear SSRs (nSSRs) are bi-parentally
inherited, exhibit high levels of polymorphism and have
been widely used in studies of conservation genetics and
phylogeography (Hodel et al. 2016). On the other hand,
the chloroplast genome, which is paternally inherited in
Podocarpaceae (Wilson and Owens 2003), provides infor-
mation independent of the nuclear genome. High variation
and lower effective population size make chloroplast SSRs
(cpSSRs) an ideal marker to investigate range-wide genetic
processes of conifers (Vendramin et al. 2008). Secondly, a
fossil record of the species from the Late Pleistocene to pre-
sent (compiled for the first time in this study) combined with
investigation of past demographic changes using approxi-
mate Bayesian computation and species distribution mod-
elling were used to explore past changes in the distribution
and abundance of the species, specifically during the abrupt
climatic changes at the Last Glacial-Holocene transition.
The outcomes gained from this study will be essential to
effectively prioritize management of the species in the face
of rising threats from dry lightning ignited fires and a dry-
ing climate.

Materials and methods
The species

Pherosphaera hookeriana is a dioecious, multi-stemmed
shrub, usually between 5 cm- 1 m high but (very rarely) a
small tree up to 5 m tall. The species’ range is well under-
stood particularly due to search efforts in the last decade
except in the Southern Ranges (~ 60 km south of the near-
est known population) where the species has not been
recorded since 1898. The genus diverged from other podo-
carps approximately 115 million years ago (Biffin et al.,
2011) with the only other species in the genus, P. fitzgeral-
dii (F.Muell.) Hook.f., being endangered and restricted to
waterfall ledge habitat in the Blue Mountains, New South
Wales. The lifespan of P. hookeriana is unknown but may be
many hundred years (Minchin, 1983). The unwinged seeds
are gravity dispersed (Kirkpatrick and Bridle 2013) although

dispersal by water may occur for plants at the edge of lakes
or rivers (Threatened Species Section, 2016). The species
occurs from 650 m above sea level (masl) to 1200 masl usu-
ally as part of alpine coniferous heath. However, in some
rare lower elevation sites, it persists within forests dominated
by cool temperate rainforest and sclerophyll species.

Sampling and nSSR genotyping

A total of 599 samples consisting of branchlets from adult
plants were collected from 23 populations spanning the spe-
cies’ entire known range (Fig. 1 and Table S1(S2)). Whether
the individuals collected were male or female was not deter-
mined because reproductive structures were mostly not pre-
sent at the time of sampling. We aimed to sample at least
20 samples per population to accurately estimate genetic
diversity and structure (Rodriguez-Pefia et al. 2018). How-
ever, this was not possible in five of the 23 populations due
to their small size and the need to avoid sampling related
individuals. Thus, individual sampling was done at least 8 m
apart except in the tiny, isolated population at Tahune Ridge,
Frenchmans Cap, where all distinct individual clumps were
sampled. Due to variation in sample size we tested whether
sample size was correlated with four genetic indices (Ne,
He, Ar and PAr). Significant relationships were found for
Ne (P=0.02) and Ar (P=0.048) but not for He or PAr.
However, these correlations were not significant when the
population at Tahune Ridge was removed (P =0.269 for Ne
and P=0.55 for Ar) (results not shown). This suggested that
the variation in sample size has had little effect on genetic
diversity values, except for Tahune Ridge.

DNA was extracted with the DNeasy 96 Plant Kit (Qia-
gen). Sixteen EST nSSR loci developed for P. hookeriana
by Worth et al. (2018a) and for this study (Phero_4084: For-
ward primer 5"CGCCGTTAAGTGACACTCTG-3" and R
primer 5>CTGTGAAAGGAGGGTGGGTA-3") were used
to genotype all samples. The PCR thermocycle and scoring
followed Worth et al. (2018a). To check for genotyping accu-
racy, at least 39.8% of all samples were repeated for each
of the four primer -pair multiplex sets. For information on
the development of cpSSR loci for P. hookeriana and PCR
conditions see S3.

Data integrity of nSSR loci

Allelic correlations among loci (i.e. linkage disequilib-
rium) and deviations from Hardy—Weinberg equilibrium
were examined at the population level in Genepop v 4.2
(Raymond 1995) with sequential Bonferroni correction
(P <0.05). Null alleles were checked for using FreeNA
(Chapuis and Estoup 2007). In the same program, unbiased
estimates of Fst were also estimated (Chapuis and Estoup
2007). Because EST SSR loci are located in genes some loci
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may be under directional or balancing selection (Ellis and
Burke 2007). The possibility that such selection of any EST-
SSR loci could influence genetic parameters is low given
that most genes do not experience positive selection (Tif-
fin and Hahn 2002) and EST-SSR loci have been found to
display comparable genetic differentiation to genomic SSRs
(Woodhead et al. 2005; Lind and Gailing 2013). To detect if
any loci were potentially subject to selection the F'st outlier
method, BayeScan v2.1 (Foll and Gaggiotti 2008), was used
with each run repeated three times. The false discovery rate
of BayeScan can be impacted by demographic history (e.g.
island model, isolation by distance or expansion from refu-
gia), therefore, we specified a more realistic prior odds of
1000 following the recommendation of Lotterhos and Whit-
lock (2014) and assessed each locus under Jeffreys’ scale of
evidence (Jeffreys 1998). Existing genetic structuring can
increase the number of false positives (Excoffier et al. 2009),
therefore, the analyses were undertaken using genetic clus-
ters detected in Bayesian Analysis of Population Structure
(BAPS) version 6 (Corander et al. 2003) using all 16 nSSR
loci, implementing ‘clustering of groups of individuals’ with
a maximum K of 20 and ten independent runs. BAPS identi-
fied 15 clusters with probability of K=15 being 0.994 versus
the next best K= 16 with a probability of 0.005.

Tests for clonality and evaluation of range-wide
genetic structure

The extent of clonality was investigated in Genalex 6.5
(Peakall and Smouse 2006) using the ‘find clones’ function
and all 16 loci. If clonality was detected, one individual from
each clone was retained for all further analyses.

To investigate range-wide genetic structure we used four
population-based and two individual-based analyses. Firstly,
for the nSSR data, population-level matrices of Fst, and
Jost’s D (Jost 2008) were calculated using GenoDive 2.0b23
(Meirmans and Van Tienderen 2004) with the significance of
pairwise population differentiation assessed using 999 per-
mutations. Secondly, isolation by distance (IBD) at the nSSR
level was tested for using a matrix of Fst/(1—Fst) and the
logarithm of geographic distance (Rousset 1997) in Genalex
6.5 with 999 permutations. Thirdly, neighbour-joining trees
were constructed in SplitsTree 4.14.4 (Huson and Bryant
2006) using a matrix of D, (Nei et al. 1983) for the nSSR
data calculated in Populations 1.2.32 (Langella 2011) and
Nei’s unbiased genetic distance calculated in GenAlEx 6.5
for the cpSSR data. Neighbour-joining trees are effective at
displaying population structure under a range of evolution-
ary histories (Kalinowski 2009) while D, is able to obtain
the correct tree topology under different SSR mutation mod-
els and demographic scenarios (Takezaki and Nei 1996).
Lastly, BAPS was used to investigate genetic clustering for
both nSSR and cpSSR datasets using the same method as

@ Springer

described above. For individual based analyses of the nSSR
dataset, we used the Bayesian clustering method of Structure
ver. 2.3 (Pritchard et al. 2000) which assigns individuals
into genetic clusters (K) based on allele frequencies. This
analysis used the admixture model with sampling locations
set as prior and correlated allele frequencies. The likelihood
of K from 1 to 20 was estimated, with each analysis repeated
10 times. All runs involved 10,000 Markov chain Monte
Carlo (MCMC) generations, after a burn-in period of 10,000
iterations. Structure Selector (Li and Liu 2018) was used to
determine the best value of K by implementing the delta K
method, which tends to identify the uppermost hierarchy of
population structure (Evanno et al. 2005), and the estimates
of Puechmaille (2016) (MedMedK, MedMeanK, MaxMedK
and MaxMeanK) which have been shown to be accurately
identify lower-level hierarchical structure (Puechmaille,
2016). However, because our results indicate an isolation
by distance pattern (see Results) which can impact the
results of Structure (Perez et al. 2018) we also undertook
Discriminant Analysis of Principal Coordinates (DAPC)
(Jombart et al. 2010). DAPC is a multivariate method that
identifies and describes clusters of genetically related indi-
viduals using sequential K-means clustering (Jombart et al.
2010). The method has been shown to outperform Structure
under a range of dispersal scenarios including when genetic
structuring is clinal (Jombart et al. 2010). DAPC analyses
were implemented in R using the ‘find.clusters’ command
with max.n.clust=20 and 50 PCs retained. To enable direct
comparison with the results of Structure, DAPC plots of
individual cluster assignment were drawn using the same
number of inferred K from the Structure analysis. Both
Structure and DAPC plots were drawn in Structure Plot v2
(Ramasamy et al. 2014).

Genetic diversity

For the nSSR dataset, the number of alleles (Na), number of
effective alleles (Ne), observed (Ho) and expected heterozy-
gosity (He) and F-statistics at both the locus and population
level was assessed in GenAlEx 6.5. Rarefied values of allelic
richness (Ar) and private allelic richness (PAr) were calcu-
lated in HpRare 1.1 (Kalinowski 2005) using a minimum
sample size of nine. For the cpSSR dataset, locus and popu-
lation level Na, Ne, haplotype diversity (/) and percentage
of polymorphic loci were assessed in GenAIEx 6.5. Chlo-
roplast SSR allele- and haplotype-based rarefied richness
and private rarefied richness were calculated in ADZE 1.0
(Szpiech et al. 2008) with a minimum sample size of nine
individuals. Chloroplast SSR haplotypes were determined
in GenAlEx 6.5 and a median-joining haplotype network of
all haplotypes was constructed in Network 5.0.1.1 (Bandelt
et al. 1999) using maximum parsimony. Due to high levels
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of homoplasy of cpSSRs (Provan et al. 2001) a network was
also constructed without singleton haplotypes.

Investigating past distributional change using
the fossil record and species distribution modelling

The relatively low dispersal capability of P. hookeriana
pollen suggests that the species fossil pollen record is
informative about past distribution and abundance (Fletcher
and Thomas 2010). Pollen records of P. hookeriana were
searched for in the Indo-Pacific Pollen Database (Hope
2018), Colhoun and Shimeld (2012) and the Neotoma Paleo-
ecology Database (Williams et al. 2018). Only dated pol-
len records were used and when calibrated ages were not
available in the original publications, radiocarbon dates were
calibrated using Calib rev7.1 (Reimer et al. 2013). For each
core, the presence or absence of P. hookeriana and the maxi-
mum pollen frequencies within each of six time periods were
recorded: pre-Last Glacial Maximum (126,000-26,500 years
ago), Last Glacial Maximum (26,500-19,000), late Last Gla-
cial (19,000-11,700), early Holocene (11,700-8,200), mid
Holocene (8,200-4,200) and late Holocene (4,200-0). In
addition, macrofossil records were also recorded based on
literature searches and personal knowledge.

Species distribution models were developed following
Worth et al. (2018b) using 19 bioclimatic (Hijmans et al.
2005) and four topographic variables to model the present
and the Last Glacial Maximum distribution of suitable cli-
mate habitat for P. hookeriana. Species distribution models
statistically associate the occurrence of a species across a
landscape with environmental variables (usually climate)
to model the fundamental niche in which the species can
persist (Hutchinson 1957; Guisan et al. 2013). Species dis-
tribution models were estimated using the extendedForest
package (Ellis et al. 2012) which implements the Random
Forest algorithm (Breiman 2001) with conditional permu-
tation variable importance (Strobl et al. 2008) to account
for potential collinearity among predictor variables, using
142 occurrence records and a balanced number of randomly
selected pseudo-absences. For details on the species distri-
bution modelling methods used see S4.

Past demographic changes using ABC

The demographic simulation program fastsimcoal2
(Excoffier et al. 2013) was used to model the demographic
history of individual P. hookeriana populations since the
Last Glacial period. The sixteen populations were based on
the results of BAPS analysis (see Results). Approximate
Bayesian computation (ABC) is a flexible class of compu-
tation algorithm designed to perform complex model-based
inferences, and can bypass exact likelihood calculations by
using summary statistics and massive computer simulations

(Cornuet et al. 2008; Csilléry et al. 2012). In this study,
we assumed four alternative demographic models, Bottle-
neck, Constant, Decline and Expansion models (Figure S4
(S5)). The timing of the bottleneck at 15 kya was inferred
from multiple fossil pollen-based studies documenting the
species post-glacial decline while the expansion at 6 kya is
based on increases in the species pollen abundance at mid-
elevational range (900—-1000 masl) at multiple sites (see Fos-
sil data available on Dryad (https://doi.org/10.5061/dryad
.g79cnp5mt)). For details on the ABC methods used see SS.

Results
Data integrity

The repeat genotyping found no genotyping errors. A total
of 20 out of all 2552 population by locus-pair combina-
tions were found to have significant allelic associations.
Fourteen of these were due to a single locus combina-
tion (Phero_8380/Phero_12816) indicating that these loci
are strong candidates for linkage, therefore, one locus of
(Phero_12816) was removed from all analyses. No loci were
found to have consistent significant deviations from HWE
at the population level. In addition, no loci under potential
selection were identified using BayeScan (Table S4 (S6)).
For each of the 15 retained loci, the mean of the mean fre-
quency of estimated null alleles per population was 2.2%
and the mean across-loci Fst values estimated with and
without null alleles were highly similar (0.126 versus 0.127)
(Table S5 (S6)). These results indicated that the problem of
null alleles was negligible for the 15 loci.

Clonality and range-wide genetic structure

Genotyping suggested low levels of clonality in this species.
Of the 599 individuals sampled, 590 unique genotypes were
observed and used for subsequent analysis. Three popula-
tions (1-JL, 4-SP and 7-GW 1) had the same genotype in two
individuals. The small and the isolated population 11-TR
had three genotypes consisting of between 2—4 individuals
(Table S1(S2)).

We observed significant genetic differentiation across
the species’ range with range-wide Fst=0.127 (population
pairwise values ranging between 0.006-0.324) and, Jost’s
D =0.203 (0.008-0.45). Apart from three populations in the
Nive River catchment, all population pairwise comparisons
were significantly different (P <0.01) (Table S6 (S7)). The
test for IBD showed a significant association (P <0.001)
(Figure S5 (S8)). Both the neighbour-joining tree and Struc-
ture, when K'=2 as supported by the delta K method (Figure
S6 (S9)), identified the greatest genetic divergence as being
between the most northern part of the range (Mersey Rv.,
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Du Cane Range and the Nive River catchment) versus the
south (Mt Field and Snowy Range) (Fig. 2a and 3). Popula-
tions in the upper Franklin River, Frenchmans Cap and King
William Range and Mt Anne were genetically intermediate
between these two major lineages (Fig. 2a). Results based on

(a) \\ Mersey Rv. (Pop. 1)
. Du Cane Range (Pop. 2)
@ Vive Rv. (Pops. 3-8)
. upper Franklin Rv. (Pops 9-10)
. Frenchmans Cap (Pop. 11)
. River Derwent (Pop. 12)
. King William Range (Pop. 13)
() Mt Field (Pops. 14-19)
. Snowy Range (Pops. 20-22)
@ MtAnne (Pop. 23)
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O 2.94-3.21
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Fig.2 a Neighbour-joining tree based on Nei’s genetic distance (Da)
calculated using 15 nuclear SSR loci. b Neighbour-joining tree of
chloroplast SSR allelic variation at nine loci based on unbiased Nei’s
genetic distance. The rarefied allelic richness of each population is

DAPC for K=2 showed very similar results. Lower hierar-
chical genetic differentiation was evident in Structure using
the estimates of Puechmaille (2016) whereby an optimal
K =15 was identified in three of four estimates (Figure S7
(89)). This value was close to the number of genetic clusters

(b)

5-GW2

Chloroplast SSR
rarefied allelic richness
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Table 1
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Fig. 3 Inference of population structure of Pherosphaera hookeriana
using Structure and DAPC. The populations are ordered (from left to
right) from north to south. Geographic regions and population num-
bers are indicated above while genetic clusters inferred by BAPS are
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indicated at the bottom. Asterisks indicate membership to a unique
BAPS cluster while five populations in the Nive River catchment
were inferred as belonging to BAPS cluster 1 and four in the Mt Field
to BAPS cluster 2
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inferred using BAPS (K=16) (Fig. 3). Thus, except for
genetically close populations along the Nive River and Mt
Field, most populations were dominated by unique genetic
clusters (Fig. 3). Notably, populations at relatively low ele-
vations for the species, including 21-LST (895 masl), 19-HR
(875 masl) and 12-BG (658 masl), were genetically diverged
from the nearest higher elevation population. DAPC results
for K=15 showed similar results but there was evidence for
more admixture within the northern and southern parts of
the range compared to the Structure analysis (Fig. 3).
Chloroplast SSRs showed significant genetic differentia-
tion across the species range with PhiPT =0.113 with simi-
lar north—south division to the nSSR data as shown by the
neighbour joining tree (Fig. 2b). BAPS supported the exist-
ence of five genetic groups (Figure S8 (S10)). The northern
and central part of the species range contained four geo-
graphically restricted groups: group 1 confined to the Nive
River catchment; group 3, which apart from 4-SP, occurred
in northern and central areas outside the Nive River catch-
ment; group 4 in three disjunct populations (12-BG, 21-LST
and 11-TR) all characterised by low chloroplast diversity

Table 1 Population genetic statistics for the 23 sampled popula-
tions of Pherosphaera hookeriana based on fifteen nuclear SSR loci
including the number of alleles (Na), number of effective alleles

(Table 2) and group 5 at population 8-LI. In contrast, the
southern part of the species range (Mt Field, Snowy Range
and Mt Anne) is dominated by a unique diverged group
(group 2).

Genetic diversity

We observed 158 alleles across the 15 loci with a mean of
10.53 alleles per locus (see Table S7 (S11)). Observed het-
erozygosity values ranged between 0.45-0.65 with highest
values at Mt Field and the Nive River catchment and the
smallest values at 11-TR and 12-BG (Table 1). Population
level Ar varied between 2.68 to 4.30 with high Ar values
(>4) observed across the species range (Table 1). The low-
est Ar values were observed at a relatively low elevation
population from Mt Field (19-HR), 11-TR and one site on
the Nive River (5-GW2). Similar to Ar, populations with
private alleles were distributed across the species range with
highest values at 23-EP and 2-PA (5 private alleles each) and
22-LSU and 3-LM (4 each) (Table 1).

(Ne), observed (Ho) and expected (He) heterozygosity, Wrights
inbreeding coefficient (Fis), rarefied allelic richness (Ar), rarefied pri-
vate allelic richness (PAr) and the number of observed private alleles

No Population Abbrev Region n Na Ne Ho He Fis Ar(9) PAr(9) No.
Private
alleles

1 Junction Lake JL Mersey River 28 420 2.88 0.57 055 -0.04 359 0.05 2

2 The Parthenon PA Du Cane Range 33 553 290 0.57 056 -0.02 3.83 0.12 5

3 Lake Malbena LM Nive River 28 5.00 295 0.57 0.58 0.02 389 0.17 4

4 Skullbone Plains Sp Nive River 18 4.60 3.01 0.58 0.57 0.00 4.01 0.04 0

5 Gowan Brae Road, 2nd Bridge GW?2 Nive River 15 373 262 056 0.53 -0.07 347 0 0

6 trawtha makuminya ™ Nive River 30 5.00 3.17 0.58 0.57 -0.02 4.05 0.07 2

7 Gowan Brae Road, Ist Bridge GWI1 Nive River 29 473 297 0.54 0.56 0.07 3.79 0 0

8 Lake Ina LI Nive River 29 447 3.01 0.57 0.58 0.02 368 O 0

9 Lake Undine LU upper Franklin River 22 4.67 294 0.56 0.57 0.01 3.9 0.05 0

10 Lake Dixon LDX upper Franklin River 35 453 2.62 055 051 -0.08 358 0.09 1

11 Tahune Ridge TR Frenchmans Cap 10 273 197 045 039 -0.15 268 0.04 0

12 Butlers Gorge BG River Derwent 15 393 252 050 0.55 0.07 3.56  0.08 1

13 Lake Eleanor Flats LE King William Range 36 493 2.64 052 052 -0.01 376 0.14 2

14 Twilight Tarn TT Mt Field 26 473 3.05 0.63 061 -0.03 391 0.01 0

15 Lake Webster LW Mt Field 10 420 296 0.65 061 -0.07 4.11 0.08 1

16  Windy Moor WIM Mt Field 30 573 3.13 0.56 0.59 0.06 43 0.1 2

17 Lake Dobson LDB Mt Field 31 547 3.08 0.54 0.59 0.10 4.16  0.04 1

18  Wombat Moor WOM Mt Field 29 493 296 0.62 058 -0.08 3.87 0.11 2

19 Humboldt River HR Mt Field 21 393 251 0.53 0.54 0.05 344  0.03 1

20 Snowy North SN Snowy Range 27 527 3.04 054 0.59 0.07 4.06 0.07 2

21  Lake Skinner Track LST Snowy Range 27 460 296 0.55 054 -0.04 379 0.13 3

22 Upper Lake Skinner LSU Snowy Range 34 5.13 3.01 051 0.57 0.10 394  0.17 4

23 Eliza Plateau EP Mt Anne 27 4.87 291 059 056 -0.02 387 022 5

Mean 25.65 4.65 2.86 0.56 056 -0.001 3.79 0.08 1.61
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Overall inbreeding coefficient values ranged from -0.15
to 0.10 while the mean was close to zero (-0.001) indicat-
ing that there is no evidence for inbreeding at the species
level. Twelve populations spread across the species range
had negative values indicating an increased likelihood that
alleles are not identical (Reichel et al. 2016) via a lack of
inbreeding.

Genetic diversity at cpSSR loci

We observed 43 alleles in the nine cpSSR loci with the
number of alleles per locus varying between 3—13 (Table S8
(S11)) and diversity (h) ranging from 0.15-0.39 (Table 2).
Rarefied haploid allelic richness varied from 1.52 to 2.33
and showed high values across the species range (Table 2).
Five populations contained private chloroplast alleles with
three at 17-LDB and two at 21-LST (Table 2). Some non-
SSR repeat type indels up to 25 bp in length at the G93
locus were highly geographically restricted including the
two unique alleles at 21-LST and single unique alleles at
Mt Field, upper Franklin River and King William Range.
The combination of alleles at the nine loci resulted in 78
haplotypes of which 38 were singletons. The haplotype
relationships were poorly resolved due to homoplasy with
a mean of 2.51 independent origins for each allele inferred
when using all 78 haplotypes (Figure S8 (S12)) and 1.63
when excluding singletons (result not shown). The popula-
tion level frequency of unique haplotypes varied from 6.25%
to 70% (mean =24%) with highest values at 11-TR (70%),
12-BG (60%) and 21-LST (40%) (Table 2). Of all 78 hap-
lotypes, only eight were found in over 10 individuals and,
of these, five (haplotypes 23, 24, 33, 36, 54) were common
across the species range while two were restricted to the
north (haplotypes 10 and 60) and one (haplotype 1) mostly
to the south. Rarefied haplotype richness varied between 2.9
in the 11-TR population to 7.95 at 18-WOM (mean=15.71)
with three other populations having values over seven (23-
EP, 17-LDB and 6-TM) (Table 2).

The fossil record

The fossil record shows that the species was abundant in
the West Coast lowlands, including the North West and
South West coasts, during the pre-LGM with pollen per-
centage values of up to 42% at Darwin Crater (170 masl)
and 39% at Henty Bridge (115 masl) (Fig. 4). The highest
recorded abundance during this time was in central Tasma-
nia at Clarence Lagoon (961 masl) with 58%. The absence
of the species from the only two pre-LGM records in east-
ern Tasmania and in all records in later periods (except
one Late Holocene site in the Tasmanian Midlands, which
showed trace levels) suggests that P. hookeriana did not
occur in the drier eastern half of Tasmania during the

mid-late Pleistocene even during the cooler glacial period.
LGM pollen sites are only available in the central West
Coast region and at three sites within its current northern
range. LGM pollen frequencies in the West Coast region
were high reaching 38% at Governor Bog (180 masl) and
26% at both Crotty Dam (250 masl) and Henty Bridge
while ranging between 9-14% in the northern part of its
current range. There are no LGM records from southern
Tasmania except for a single trace (1%) record from Ooze
Lake (Fig. 4). High levels of P. hookeriana pollen were
found widely in the many Late glacial pollen sites, both
within the species’ current range and outside its current
range on the West coast. In the early Holocene, pollen
abundance declined dramatically with only trace levels
found and almost all of these within or very near to the
species current range. Sites in the West Coast area disap-
peared completely by 13 kya. In the mid-late Holocene,
pollen abundance increased at higher altitude sites within,
or near to, its northern and southern ranges.

Species distribution modelling

The PCA reduced the climate variation across the distribu-
tion of P. hookeriana into three orthogonal axes that cap-
tured 96% of the variance in the climate dataset and were
characterised by precipitation during the driest quarter,
mean temperature of the wettest quarter, maximum tem-
perature of the warmest period, and temperature and pre-
cipitation seasonality (Figure S2(S4)). The Random Forest
(RF) model showed that variation in climate and topogra-
phy could predict the contemporary suitable habitat for P.
hookeriana (pseudo—rtzest =0.91, AUC=0.99), with pre-
cipitation seasonality and temperature seasonality being
the most important predictors (Figure S3(S4)). A total of
814 points (93%) were predicted within suitable habitat
(i.e. predict probability > 0.9) with the remaining point
records predicted with probabilities ranging between 0.73
and 0.89 except for one point with a predicted probability
of 0.57. While the RF model predicted 100% of the area
within the convex hull around all occurrence records (334
km?), it did predict an additional 2,583 km? of suitable
habitat (i.e. predicted probability >0.73) (Fig. 5). Most of
this potential habitat was in central Tasmania with a small
pocket located in NE Tasmania.

Hindcasting the RF model to the LGM supported the
persistence of suitable habitat for P. hookeriana in west-
ern and central Tasmania, including where the species is
no longer present in the West Coast (Fig. 5). LGM fos-
sil records had suitable habitat probabilities ranging from
0.14-0.57. The area of suitable habitat for P. hookeriana
was found to have contracted by 62.2% since the LGM to
the present.
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Fig.5 Predicted distribution

of suitable habitat for Phero-
sphaera hookeriana under
contemporary (1960-1990) and
Last Glacial Maximum (22 kya;
LGM) climates. The predictions
for the LGM are means of three
global circulation models. The
convex hull around 814 occur-
rence records is shown by small
black polygons. Black circles in
the LGM represent the locations
of P. hookeriana pollen in the
fossil record, where the size is
proportional to the frequency of
pollen detected

Table 3 Posterior probability of alternative demographic models for
each Pherosphaera hookeriana BAPS-based population, estimated by
approximate Bayesian computation based on 0.1% of the simulated
data closest to the observed

BAPS Population Bottleneck Constant Decline Expansion
Junction Lake (JL) 0.897 0.002 0.1 0.001
The Parthenon (PA) 0.785 0.001 0214 0
Lake Malbena (LM) 0.838 0 0.162 0
Nive River (Baps 0.9 0 0.012  0.088
cluster 1)
Lake Undine (LU) 0.77 0 0.23 0
Lake Dixon (LDX) 0.95 0 0.05 0
Tahune Ridge (TR) 0.987 0.003 0.01 0
Butlers Gorge (BG) 0.998 0 0002 O
Lake Eleanor Flats (LE) 0.993 0 0.007 0
Mt Field (BAPS cluster  0.845 0.096 0.059 0
2)
Wombat Moor (WOM)  0.905 0.002 0.083  0.01
Humboldt River (HR)  0.999 0 0.001 O
Snowy North (SN) 0.866 0 0.134 0
Lake Skinner 0.631 0.035 0.332  0.002
Track (LST)
Upper Lake Skin- 0.95 0.001 0.049 0
ner (LSU)
Eliza Plateau (EP) 0.998 0.001 0.001 O

The model with the highest posterior probability is shown in bold

Demographic changes inferred by ABC

ABC analysis supported all BAPS based populations as
having undergone a post-Glacial bottleneck with posterior
probability values exceeding 0.8 in all populations except
for Lake Skinner Track (0.631), The Parthenon (0.785) and

Last Glacial Maximum (22 kya)

Contemporary (1960-1990)
s 6
. -

Probability of
suitable habitat \
1.0

0.8
0.6
0.4
0.2

0.0

Lake Undine (0.770) (Table 3). For these populations, the
second most likely demographic model was decline while
no support was evident for either constant population size
or expansion in any population.

Discussion

This study has revealed a markedly high genetic structure
and diversity of Pherosphaera hookeriana, with clonality
having a minor role. Unlike some other relictual conifer
species, the species retains relatively high levels of genetic
diversity. This is in spite of a long-term decrease in abun-
dance since the Middle Pleistocene and fossil and ABC
based evidence for an abrupt decline following the Last Gla-
cial that involved the complete extirpation of a stronghold
for the species to the west of its modern range (Fig. 4). Apart
from some small, isolated populations, we observed high
and evenly distributed genetic diversity across the species’
range. Strong geographic structuring of genetic diversity at
both the nuclear and chloroplast level indicates that despite
the species’ narrow range and wind pollination, past and
contemporary gene flow has been insufficient to counter the
effects of population geographic isolation. This contrasts
with some other glacial relict conifer populations such as
Pinus sylvestris in Spain where effective wind pollination
has enabled genetic connectivity between isolated popula-
tions (Robledo-Arnuncio et al. 2005). Major genetic differ-
entiation between populations in the northern, central and
southern part of the range as evidenced by both marker types
indicate the persistence of populations in these regions over
the Last Glacial to present. Lower hierarchical genetic dif-
ferentiation and geographic restriction of nuclear and cpSSR
alleles was also evident. Thus, outside of Mt Field and the
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Nive River catchment, most populations were dominated
by distinct genetic clusters including geographically proxi-
mal populations occurring at different elevations. This, may
be due local processes involving establishment via distinct
colonization events and poor dispersal.

Maintenance of high diversity in interglacial refugia

The high level of genetic diversity of P. hookeriana is well
demonstrated by comparison to other population genetic
studies of conifers using EST SSRs and cpSSR markers.
Thus, the species has higher levels of EST SSR alleles per
locus and number of effective alleles and similar levels of
heterozygosity as some other species including those with
much wider distributions and/ or lower endangerment cat-
egory (Table S9 (S13)). Similarly, P. hookeriana has compa-
rable, or in some cases much higher, cpSSR diversity com-
pared to other conifers, irrespective of whether the cpSSR
primers have been developed specifically for the target spe-
cies (Breidenbach et al. 2019; Wu et al. 2020) or using uni-
versal Pinaceae cpSSR primers (see Table 3 of Vendramin
et al. (1999)). Overall, this comparison shows that the cur-
rent rarity and Quaternary decline of P. hookeriana has not
resulted in the species having markedly low genetic diversity
versus other conifers and is in fact higher than some other
palacoendemic conifers like Glyptostrobus pensilis (Wu
et al. 2020) and Sciadopitys verticillata (Worth et al. 2014).

Although explaining the factors underlying the genetic
diversity of species is generally difficult (Leffler et al. 2012),
several processes may account for the current high diver-
sity of P. hookeriana. Importantly, clonality was found to
be of minor importance to regeneration despite a lack of
observations of sexual reproduction in the field. This con-
trasts with the co-occurring palaeoendemic conifer, Athro-
taxis cupressoides, where using the same spaced sampling
strategy, up to half the individuals in some populations
were clonal (Worth et al. 2017). Given that P. hookeriana
forms distinct clumps consisting of many separate stems,
finer scale sampling within populations may reveal more
clonality, but the low number of clones identified at the
sampling distance used here show that sexual reproduc-
tion dominates the species population demography. The
high genetic diversity must imply that the species has either
maintained large effective population sizes since the Last
Glacial despite the abrupt decline in the species apparent
in the fossil record and supported by ABC or the genetic
diversity of the species has been able to recover. Likely both
factors have played an important role. Some mechanisms for
maintaining genetic diversity include the presence of distinct
northern, central and southern gene pools. This population
subdivision increases the species effective population size
(Wright 1943) and therefore the ability to retain genetic
diversity. This effect has been inferred in another glacial
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relict conifer Picea omorika (Aleksi¢ and Geburek 2014)
which also displays high genetic diversity (Table S9 (S13)).
Also, the species distribution models and fossil data sug-
gest that P. hookeriana was present within its current range
during the LGM (Fig. 5) including above the glacial tree
line (Astorga 2016). This means that any postglacial migra-
tion likely occurred over short distances involving vertical
migration from local glacial populations reducing the impact
of genetic diversity loss during migration (Hewitt 1996).
During postglacial expansion, allelic diversity may in fact
have been augmented by new mutations which have a greater
potential to become fixed in expanding populations (Burton
and Travis 2008; Mclnerny et al. 2009). Lastly, the dioecy
of P. hookeriana may help to maintain genetic diversity due
to obligate outcrossing (Vandepitte et al. 2010), which is
supported by the low values of inbreeding. Dioecy, along
with the species long lived nature, may also reduce meta-
population turnover which has been shown by both genetic
theory and observations to reduce genetic diversity (Obbard
et al. 2006). Further study is required to examine the role of
dioecy in the genetic diversity of the species including any
impact of skewed sex ratios in small populations (Vandepitte
et al. 2010).

Conservation implications

This study has important implications for conserving P.
hookeriana in an increasingly drier and fire-prone land-
scape. Firstly, the fact that the species occurs in only
11.45% of its modelled suitable climatic range confirms
observation that the species is often absent from areas of
apparently suitable habitat (Elliott 1948). This suggests
that severe restrictions in mobility constrain the species
range (Macphail et al. 2014) most likely related to its poor
seed dispersal and the possible impact of past fires and
possibly drought. In fact, fires have been active within the
past and present range of P. hookeriana and have been
impacting fire-intolerant palacoendemic conifers from
the Late Pleistocene (Jordan et al. 1991; Colhoun et al.
1993). The large area of unoccupied habitat suggests that
there is wide scope for establishing insurance populations,
especially in locations near waterbodies or in boggy areas.
While some of the existing populations occur in areas that
are predicted to be refugia for P. hookeriana and other
palacoendemic species into the future (Mokany et al.
2017) even minor spatial disconnection between future
and current suitable habitats may require assisted migra-
tion for the survival of some populations. Secondly, this
study shows that priorities for conserving P. hookeriana
based on genetic data differ from those of other Tasmanian
palacoendemic species for which there have been detailed
population genetic studies. Ensuring the in situ survival
of long-unburnt high genetic diversity stands is of highest



Conservation Genetics (2021) 22:307-321

319

priority in Athrotaxis cupressoides and Diselma archeri,
due to low geographic structuring of genetic variation and
the deleterious impact of past fires on genetic diversity
in these species (Worth et al. 2017). Genetic diversity
in P. hookeriana, however, has been little impacted by
post-European colonization possibly because the species
range already occupies extreme fire refugia (Holz et al.
2020) and, unlike A. cupressoides and D. archeri there is
little evidence of post-European range range-loss. Thus,
conservation actions should instead prioritize protecting
all existing populations, which are nearly all genetically
distinct from one another, and, where possible, to source
seed material for rehabilitation programs (for example,
in the event of fire) from the nearest populations. Lastly,
genetic bottlenecks apparent in the most isolated popu-
lation at Tahune Ridge show that extreme reductions in
population size could result in long-term loss of diversity
which cannot be easily recovered via gene flow from out-
side populations.

Conclusions

Despite long-term decline and the severe decrease in abun-
dance at the end of the Last Glacial, the species maintains
higher levels of genetic diversity than many more wide-
spread conifers. The high genetic diversity bodes well for
the future conservation of the species providing extant
populations can be protected from the threat of fire.

Supplementary Information The online version contains supplemen-
tary material available athttps://doi.org/10.1007/s10592-021-01338-1.
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